In order to apply Radio Frequency Micro-nano-Electro-Mechanical System (MEMS/NEMS) technologies to produce miniature, high isolation, low insertion loss, good linear characteristic, and low power consumption microwave switches, we present a novel NEMS switch with nanoscaling in this paper through the analysis of electrics and mechanics of the RF switch. The measured data show the pull-in voltage of 24.1 V and the good RF performance of the insertion loss of below −10 dB at 0 GHz on the "on" state, and the isolation of beyond -40 dB at 0-40 GHz on the "off " state, indicating that the witch is suitable for the 0-40 GHz applications. Our analysis shows that the NEMS switch not only can work in wide frequency bands, but also has better isolation performance in lower frequency, thus extending the application to the lower band. The Haar-wavelet-based multiresolution time domain (MRTD) with compactly supported scaling function is used for modeling and analyzing the nanomachine switch for the first time. The major advantage of the MRTD algorithms is their capability to develop real-time time and space adaptive grids through the efficient thresholding of the wavelet coefficients. The error between the measured and computed results is below 5%, this indicated that the Haar-wavelet-based multiresolution time domain was suitable for simulating the nano-scaling contact switch.
Introduction
As the key device of radio frequency or high frequency transmission systems, RF switch is widely used in civil and military applications of RF, microwave, and millimeterwave circuits and systems. Previously, RF switching is implemented by using p-i-n diodes and GaAs MESFETs in the form of junction field-effect transistor-(JFET-)based semiconductor switches [1] [2] [3] [4] . Recently, Radio frequency nano-electro-mechanical system (RF-NEMS) switches have attracted increasing attention over the traditional ones, due to their low insertion loss, high isolation, and low power consumption.
NEMS switches are mainly categorized as contact and capacitive switches. In contrast with the capacitive one, such as the switch reported by [5, 6] , the contact switch has a wider band down to the DC frequency. However, the cantilever structure of the contact switch is too sensitive to the stress of the dielectrics, adding to the fabrication difficulties [7, 8] . Researchers in the University of Michigan developed an all-metal broadside-series switch [5] . But this structure cannot avoid RF signal isolation, which results in rapidly degrading performance on high frequency band. Another dielectric membrane broadside-series switch has solved the problem of signal isolation. Yet the upper electrodes and contact metal are on top of and beneath the membrane, respectively, which increase the fabrication complexities.
In this paper, we present a novel NEMS switch, including contact metal bar and upper electrodes both underneath the SiON bridge. It can solve all the problems described above, such as isolation of the RF signal from bias, insensitivity to the membrane stress, and simplification of the fabrication process. Additionally, the closer distance between the upper and lower electrodes reduces the pull-in voltage. According to the measured data, the designed and fabricated switch exhibits low insertion loss, high isolation, and low pull-in voltage. The finite-difference time-domain (FDTD) method is widely used for solving problems related to electromagnetism. However, there still exist many restrictive factors, such as memory shortage, CPU time, and memory needs. We first adopted the method of the Haar-wavelet-based multiresolution time domain (MRTD) [9, 10] with compactly supported scaling function for a full three-dimensional (3D) wave to Yee's staggered cell to analyze and simulate the NEMS switch. The major advantage of the MRTD algorithms is their capability to develop real-time and space adaptive grids through the efficient thresholding of the wavelet coefficients. By this technique, space discretization with only a few cells per wavelength gives relatively accurate results, leading to the reduction of both memory requirement and computation time. Associated with practical model, an uniaxial perfectly matched layer (UPML) absorbing boundary conditions [11] was then developed, and a three-dimensional formulation of the discrete difference equations arising from the Maxwell's system is extended to an inhomogeneous medium and applied to the analysis of the NEMS switch.
Structure of the NEMS Switch
The main structure of the designed switch is shown in Figure 1 . The whole switch is fabricated on the silicon substrate with a silicon oxide layer on top of it. The central part of the signal line is separated to make a gap and is narrowed to get better isolation performance on the "off " state. An SiON bridge of 10 000 nm long, 200 nm wide and 10 nm thick is suspended across the gap and is fixed over the ground lines via a polyimide layer on the both sides. Arrays of holes, as shown in Figure 1 (a), a gold bar clings to the bottom surface of the bridge center, making two overlapped areas together with the separated signal line. Several dimples are fabricated on the overlapped areas of the signal line, to make a good metal-metal contact between the signal line and the gold bar, as shown in Figure 1(b) . In particular, the two side upper electrodes also cling to the bottom surface of the bridge and are positioned on the same plane of the contact bar. The RF signal can be isolated due to the separation of the bar and the upper electrodes, and the fabrication process can be simplified due to the same plane of them. The two side lower electrodes are connected to the ground lines, which are DC voltage insulated by the dielectric polyimide layer.
When the DC voltage is applied between the upper and lower electrodes, the bridge is pulled down toward the substrate to obtain a metal-metal contact between the contact bar and the signal line, resulting in the switch "on" state; otherwise, the switch keeps the "off " state.
3D MRTD Algorithm

Numerical Formulations of the 3D MRTD Method.
Maxwell's curl equations in an isotropic medium are
where ε is permittivity, μ is permeability, σ is electric conductivity. Each field component is expanded into scaling functions
and wavelets
where
and ψ(s) = φ(2s) − φ(2s − 1). Expansion and testing is performed for each spatial coordinate s = {x, y, z} with corresponding discretization indices u = {k, l, m}, as well as for time with rectangular pulse h n (t). In compact notations, the x-directed electric field component in the staggered Yee's grid of size Δx, Δy, Δz is represented as
where x = kΔx, y = lΔy, z = mΔz, t = nΔt.
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The summation over ξηζ includes eight terms stemming from all the permutations of scaling functions and wavelets ξηζ = φφφ, φφψ, φψφ, φψψ, ψφφ, ψφψ, ψψφ, ψψψ .
The representation of the other field components is easily derived through permutation of the indices and follows the same rule as for standard FDTD scheme. Inserting the above expressions into the difference equations and performing a Galerkin test procedure leads to the following expressions for the electric field within each cell {k, l, m}:
where {0, 1, 2, 3} denotes {u, u + 1/2, u − 1/2, u + 1} for each u = {k, l, m, n}, respectively. In formula (7), there are three different E x values within one time step, being inconvenient for program design. In order to avoid the shortcoming, we adopt approximation as follows:
Similar expressions are obtained for the other field components.
Absorbing Boundary Condition.
The field computation domain must be limited in size because the computer cannot store unlimited amount of data. The computation domain must be large enough to enclose the structure of interest. In this paper, we adopted uniaxial perfectly matched layer (UPML) absorbing boundary conditions. Consider one dimension wave equation propagated along +z direction:
where σ = σ/ε, v is the phase velocity in the concerned volume. Since the conductivity σ is projected in computation domain, it will result in numeric dispersion if we use directly discrete approximation for formula (9) .
Its finite difference form is
The difference form of formula (9) is where
The UPML material parameters are chosen to be σ ξ(ξ=x,y,z) = 0 for the inner computation region, while the maximum value of σ at the end of the UPML region is chosen to be σ max = 1/(150πΔ √ ε r ), where Δ is the cell dimension perpendicular to the UPML interface to the regular region. The UPML region is backed by a perfect electric conductor wall implemented by applying the mirror principle.
Calculated Results
In microwave circuit analysis, Gauss impulse is generally selected as an excitation for smoothness in time domain and easy spectrum width setting. The width of gauss pulse is T = 15 picoseconds. Assuming that the time delay is t 0 = 3T = 45 picoseconds, the response value of the frequency domain can be calculated by Fourier transforming the time domain value. In the course of computing, because of nano-scaling structure of the switch, we adopted double computation domain by the characteristic of MRTD algorithm's adaptive grids.
The S parameters of the switch computed and measured for the switch "off " and "on" state are shown in Figure 2 and Figure 3 , respectively. The computed curves based computation domain 50 × 50 × 50 and 100 × 100 × 50, space steps Δx = Δy = 0.02 nm, Δz = 0.015 nm and Δx = Δy = 0.1 nm, Δz = 0.015 nm, respectively. From Figures 2 and 3 , we can find that the computed results by MRTD method are in agreement with the measured results on the whole. The drifts between the measured value and the computed value by using MRTD are below 5%, respectively. The characteristic parameters such as effective dielectric constant and the characteristic impedance in spectrum domain could be worked out by Fourier transition. 
Conclusion
A novel NEMS switch has been presented in this paper; it performs excellently especially in low insertion loss, high isolation, and low power consumption. The measured and the computed results show the contact resistance of 0.8-1.4 Ω, the pull-in voltage of 24.1 V, the isolation of beyond −40 dB at 0-40 GHz on the "off " state, and the insertion loss of below −10dB at 0-40 GHz on the "on" state. It is suitable for the 0-40 GHz frequency band applications. MRTD method was used to model the structure of the switch. The algorithm is real-time and space adaptive grids through the efficient thresholding of the wavelet coefficients. Based on the characteristic of MRTD algorithm's adaptive grids, we adopted double computation domain, leading to a reduction of both memory requirement and computation time, but also we can find that the computed results by MRTD method are in agreement with the measured results on the whole. The error between the measured value and the computed value by using MRTD is in 5%.
